Adipic acid, a model compound for oxygenated organic aerosol, has been studied at the VUV beamline of the Swiss Light Source. Internal energy selected cations were prepared by threshold photoionization using vacuum ultraviolet synchrotron radiation and imaging photoelectron photoion coincidence spectroscopy (iPEPICO). The threshold photoelectron spectrum yields a vertical ionization energy (IE) of 10.5 eV, significantly above the calculated adiabatic IE of 8.6 eV. The cationic minimum is accessible after vertical ionization by H-transfer from one of the γ-carbons to a carbonyl oxygen and is sufficiently energetic to decay by water loss at the ionization onset. The slope of the breakdown curves, quantum chemical calculations, and selective deuteration of the carboxylic hydrogens establish the dissociative photoionization mechanism. After ionization, one γ-methylene hydrogen and the two carboxylic hydrogens are randomized prior to H 2 O loss. On the basis of the deuteration degree in the H 2 O + CO-loss product at higher energies, a direct water-loss channel without complete randomization also exists. The breakdown diagram and center of gravity of the H 2 O + CO-loss peak were modeled to obtain 0 K appearance energies of 10.77, 10.32, and 11.53 eV for H 2 O + CO loss, CH 2 COOH loss, and H 2 O + CH 2 COOH loss from adipic acid. These agree well with the CBS-QB3 calculated values of 10.68, 10.45, and 11.57 eV, respectively, which shows that threshold photoionization can yield energetics data as long as the dissociation is statistical, even when the parent ion cannot be observed. The results can be used as a starting point for a deeper understanding of the ionization and low-energy fragmentation of organic aerosol components. See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.
INTRODUCTION
Atmospheric organic aerosol (OA) is a major contributor to existing uncertainties regarding aerosol effects on climate and human health. This is in large part due to the complexity of secondary organic aerosol (SOA), which is formed by atmospheric reactions of directly emitted precursor gases and dominates the global OA. 1, 2 Although only 10−30% of SOA can typically be chemically speciated, 3 multifunctional organics, especially polyacids, are thought to be a major component. In the past decade, online aerosol mass spectrometry (AMS) has become a well-established technique for time-resolved analysis of the concentration and composition of ambient aerosol 4 and the source apportionment of its organic fraction. 5, 6 To ensure quantitative detection of most atmospherically relevant organic and inorganic species (excluding black carbon and mineral dust), the instrument utilizes vaporization at about 600°C followed by electron ionization (EI) at 70 eV. This yields mass spectra that are significantly affected by both thermal decomposition and ionic fragmentation processes, making the molecular assignment of environmentally relevant mixtures intractable. Data analysis techniques therefore rely heavily on statistical approaches, such as principal component analysis, 7 positive matrix factorization (PMF), 8 and the multilinear engine (ME-2), 9 or on marker fragments of specific sources. 10 Spectral complexity can be mediated using soft and tunable VUV photoionization to suppress dissociative ionization processes. Although the use of synchrotron VUV sources makes the experiment immobile, studies at the Advanced Light Source have amply demonstrated the benefits of soft photoionization. 11−13 Although even photoionization AMS spectra of ambient aerosols include contributions from thousands of compounds, investigation of the ionization and low-energy fragmentation of organic aerosol components is central to understanding the fragmentation pattern of different compound classes, and thus an important step toward improved source identification. Adipic acid (1,6-hexanedioic acid) is a C6 diacid chosen here as a surrogate for multifunctional organics found in SOA. Detailed studies of the energy-dependent fragmentation channels of dicarboxylic acids in mass spectrometers are technically challenging and quite rare, as illustrated by the most recent study of adipic acid, conducted in 1970. 14 Most importantly, the parent ion peak is missing from the mass spectra of all α,ω-dicarboxylic acids with the possible exception of malonic acid, HOOC(CH 2 )COOH. Appearance energies measured by photoionization mass spectrometry 15, 16 and photoelectron photoion coincidence (PEPICO) 17−19 can be used in thermochemical cycles to derive, e.g., enthalpies of formation or proton affinities. If, however, the sample molecule dissociatively photoionizes at the ionization threshold and no parent ion is observed in the mass spectrum, appearance energies can normally be derived only much less accurately on the basis of the kinetic energy imparted on the fragment ion. 20−22 Two recent developments make the PEPICO study of adipic acid timely. First, iPEPICO experiments 23 at the VUV beamline of the Swiss Light Source have shown that recording threshold photoionization mass spectra as a function of photon energy and plotting the fractional ion abundances in the breakdown diagram can directly unveil complex dissociative photoionization mechanisms involving isomerization steps. 24, 25 The photoion mass-selected threshold photoelectron spectra, ms-TPES, of pyrolysis products have also proved fruitful in identifying reactive intermediates, and thus, unimolecular thermal decomposition channels. 26, 27 Therefore, we expect to be able to disentangle the ionic fragmentation channels and to map them as a function of the parent ion internal energy. Second, up to about a decade ago, experimental results on molecules with more than a few heavy atoms could rarely be supported by accurate quantum chemical calculations. This has now changed, and even the adipic acid cation can be subjected to density functional theory (DFT) reaction path and, at the stationary points, reliable composite method calculations. 28 As mentioned above, the last comprehensive overview of the mass spectrometry of dicarboxylic acids dates back to the 1970s. 14,29−31 Holmes and Benoit discussed in great detail how steric constraints affect carboxyl−carboxyl and carboxyl− hydrocarbon chain interactions in the cation. They also employed selective deuteration to pinpoint the active carbon centers in the molecular ion. In the absence of γ-hydrogens, e.g., in malonic or oxalic acid, proton transfer from one carboxylic group to the other precedes carbon dioxide elimination and the CO 2 -loss peak is dominant in the electron ionization mass spectrum. When the hydrocarbon chain is at least two carbon atoms long, a H from the γ-carbon migrates to the carboxylic group, leading to water loss and CO loss in the first and second steps, respectively, with the corresponding H 2 O-and (H 2 O + CO)-loss peaks dominating the high-mass region of the mass spectrum. Having a γ-carbon, adipic acid falls into the latter case.
Both of these decomposition mechanisms begin with an Htransfer isomerization step, i.e., a significant geometry change. If the isomerization takes place without an overall barrier, as the absence of the parent ion peaks in the mass spectra suggest, the nuclear wave function overlap integral, in other words, the Franck−Condon factor, for adiabatic ionization to the cationic minimum will be vanishingly small, and the first peak in the photoelectron spectrum will correspond to vertical ionization at a significantly higher photon energy. Adiabatic ionization energies (IE) are routinely reported on the basis of photoelectron spectra, and there have been examples in which either hot bands were mistakenly used to extrapolate to the ionization onset, as in diethyl ether, 32−34 or unfavorable Franck−Condon factors at the adiabatic ionization energy meant that the first photoelectron band appeared only at higher energies, as in ethanol. 35, 36 Both phenomena can lead to IE error bars that underestimate the uncertainty significantly. In addition to unveiling and quantitatively modeling the unimolecular dissociative ionization processes of adipic acid, our secondary objective is to record its photoelectron spectrum for the first time.
EXPERIMENTAL AND COMPUTATIONAL METHODS
Adipic acid was obtained from Sigma−Aldrich (purity ≥99.5%) and used as received. To gain more insight into the internal energy dependent fragmentation pathways, doubly deuterated adipic acid, DOOC(CH 2 ) 4 COOD, was prepared by dissolving 250 mg of adipic acid in 10 mL of D 2 O (99.8%, Armar AG, Switzerland). The solution was continuously stirred at 40°C using a rotary evaporator for 4 h, dried at 45 mbar, and stored in a desiccator until use.
Vacuum ultraviolet (VUV) photoionization experiments were performed using the imaging photoelectron photoion coincidence (iPEPICO) end station at the VUV beamline of the Swiss Light Source. A detailed description of the beamline can be found elsewhere 37 and is only briefly reviewed here. Synchrotron radiation from a bending magnet, dispersed by a grazing incidence monochromator using a 600 lines/mm laminar grating, is focused into a differentially pumped gas filter, operated with a mixture of Ar, Kr, and Ne to suppress higher-order radiation of the grating in the 7−14 eV energy range. The high harmonic free, monochromatic VUV radiation then enters the ionization chamber of the iPEPICO end station and ionizes the sample in a 4 × 2 mm 2 interaction region.
2.1. iPEPICO Spectrometer. Adipic acid and adipic acid-d 2 were introduced into the ionization chamber of the iPEPICO 23 experiment effusively under high-vacuum conditions. The vapor pressure of adipic acid is almost 2 mbar at 170°C, 38 which means that it can easily be vaporized in a resistively heated oven. The sample was put in a 6 mm outer diameter tube, sealed using glass wool, put in a copper oven, and connected to the chamber by an Ultra-Torr fitting. Temperatures were kept at around 80°C, well below the melting point to ensure thermal stability and prevent leaks. 39 In the interaction region, the VUV beam crosses the effusive sample beam, and a constant, 120 V cm −1 , electric field accelerates the resulting photoelectrons and photoions in opposite directions. The electrons are velocity map imaged onto a DLD40 Roentdek position-sensitive delay-line detector with a resolution of ca. 1 meV at threshold. As their time-of-flight (TOF) is negligible, electrons also act as start signal for the ion TOF analysis. The cations are accelerated downward in a linear TOF mass spectrometer and space focused on a microchannel plate detector. The relatively long and low first acceleration field leads to high ion residence times in the acceleration region and enables unimolecular dissociation rate constant measurements of the cations in the 10 3 −10 7 s −1 range. Electron arrival times and positions, and ion arrival times are recorded using a triggerless multiple-start/multiple-stop data acquisition scheme. 40 Threshold electrons with close to zero kinetic energy are imaged into a central spot on the detector. Kinetic energy electrons with negligible off-axis momentum make up the hot electron contamination that can be subtracted on the basis of a small ring around the center as proposed by Sztaŕay and Baer. 41
The Journal of Physical Chemistry A Article In the threshold photoelectron spectrum (TPES), the threshold photoelectron signal is plotted as a function of the photon energy. The two-dimensional threshold photoionization mass spectra, i.e., the ion signal as a function of TOF and photon energy, can be reduced in two ways. First, fractional fragment ion abundances can be plotted in the breakdown diagram, which shows the open fragmentation channels and their branching ratios as a function of photon energy. Second, as mentioned above, the use of a relatively low and long extraction field leads to long ion residence times on the order of microseconds in the acceleration region and, in the case of slow dissociations, yields a quasi-exponential daughter ion peak shape, indicative of the dissociation rate. 42 If the count rates are too low for peak profile analysis, the center of gravity of the daughter ion peak can be employed to the same effect, 43 as will be done herein. We have scanned over the adipic acid TPES twice to rule out the possibility that changing experimental parameters distort the band. Furthermore, the photon flux is essentially constant within the TPES energy range. We note in passing that the breakdown diagram and the measured rates are independent of photon flux, collection efficiency and sample pressure.
2.2. Ab Initio Calculations. Constrained geometry optimizations and STQN 44 calculations were carried out to locate stationary points, i.e., minima and transition states, on the potential energy surface of the adipic acid cation at the B3LYP/6-311++G(d,p) level of theory using Gaussian 09. 45 The energies of the neutral adipic acid, the stationary points on the cationic potential energy surface as well as of the neutral fragments were then evaluated using the CBS-QB3 composite method. 46 Overall, we expect CBS-QB3 results to be accurate to within 50 meV (4.8 kJ mol −1 ). The adiabatic ionization energies were also calculated using the G3, G3B3, and G4 composite methods. 47 The ground and first five excited electronic states of the cation have been evaluated at the CBS-QB3 geometry by the EOM-IP-CCSD method with the cc-pVTZ basis set using Q-Chem 4.0.1. 48 2.3. Statistical Model. Breakdown curves and experimental rate constants were modeled as described by Sztaŕay et al. 49 The unimolecular dissociation rates are calculated according to the RRKM approach as k( In fast dissociations without a competing parallel channel, all ions with sufficient internal energy dissociate to form the fragment ion. Thus, the breakdown curve corresponds to the cumulative distribution function of the internal energy distribution of the dissociating ion, and the barrier is the only variable parameter of the model. It is fitted so that the measured breakdown diagram is best reproduced. Absolute experimental dissociation rates are measured in the TOF distributions when the rate constant is below 10 7 s −1 , and relative rates are obtained as branching ratios when two fast dissociation channels compete. In such cases, the transitional frequencies are scaled by a single factor in the transition state number of states calculation to fit the RRKM rate curves to the experimental results. The fitted rate curves are then extrapolated to the threshold, which corresponds to the 0 K appearance energy when referenced to the neutral.
RESULTS AND DISCUSSION
3.1. Threshold Photoelectron Spectrum. The threshold photoelectron spectrum of adipic acid, shown in Figure 1 , was recorded using 30 meV step size at an integration time of 4 min per data point. To correct for the short-time changes in sample number density and flux, a calibration point was taken at 12 eV for 30 s after every five data points, and the signal was found to decay linearly by 11% over the scan, which has been compensated for.
The spectrum exhibits two bands between 10 and 12.5 eV. In fact, EOM-IP-CCSD calculations at the adipic acid minimum of C 2h symmetry suggest that these bands are quite crowded with vertical ionization energies to the X̃+ 2 A g , Ã+ 2 B u , B̃+ 2 B g , C̃+ 2 A u , D̃+ 2 A g , Ẽ+ 2 A g states of 10.67, 10.71, 11.97, 12.03, 12.40, and 12.50 eV, respectively. Therefore, at least some of the spectral structure observed in Figure 1 corresponds to ionization to different electronic states. Assuming that the first maximum in the TPES corresponds to vertical ionization to the ground X̃+ state, the vertical IE is determined to be 10.5 eV experimentally.
When optimized in the ionic state, neutral rotamer geometries relax to 9.5−10.6 eV without H-transfer. According to our calculations, structure [1] is the global minimum ( Figure  2 ), which was found by transferring one of the γ-C hydrogens to the carbonyl oxygen. The adiabatic ionization energy is calculated to be 8.64, 8.65, 8.61, 8.50, and 8.66 eV using the CBS-QB3, G3, G3B3, G4, and EOM-IP-CCSD/cc-pVTZ methods, respectively. Reaction path calculations indicate one or more curve crossings along the H-transfer coordinate, with an overall barrier smaller than 1.7 eV above [1] , i.e., below a photon energy of 10.3 eV, suggesting that the global minimum is accessible at the ionization onset. Therefore, if Franck− Condon factors were favorable, the intact adipic acid parent ion could probably be observed close below 10 eV.
There is a gigantic, almost 2 eV (193 kJ mol −1 ) gap between the vertical and adiabatic ionization energies in adipic acid, in which a thermodynamically and kinetically allowed fragmenta- The Journal of Physical Chemistry A Article tion channel opens up. This explains the absence of the parent ion in the mass spectrum, and presumably, the dissociative photoionization of analogous dicarboxylic acids at the ionization onset, as well. It is not that the adipic acid cation is unbound or barely bound, as is the case in other, prototypically dissociatively photoionizing molecules, e.g., CCl 4 , 50 but is the combination of two distinctly different effects. First, vertical ionization leads to highly energetic parent ions, and second, these ions can relax to the global minimum at the ionization onset, meaning that all of their internal energy can be used in fragmentation, as well.
The 1.5 eV difference between the adiabatic ionization energy and the onset of the TPES signal also underscores the proper approach when ionization energies are determined on the basis of photoelectron spectra. In this case, a simple extrapolation to the ionization onset would yield 10.1 ± 0.1 eV as adiabatic IE, in error by 1.5 eV. If the vibrational structure of a band cannot be resolved, photoelectron spectra are only suitable to determine ionization energies when supported by ab initio calculations showing negligible geometry change upon ionization and a large Franck−Condon factor for the 0−0 transition.
3.2. Dissociative Photoionization. In the following sections, we will show that the low-lying fragmentation channels of the adipic acid cation can be identified on the basis of the breakdown diagram, isotopologue ratios in the threshold photoionization mass spectra of adipic acid-d 2 , and quantum chemical calculations.
Illustrative threshold photoionization mass spectra are shown in Figure 3 at five selected photon energies. The ms-TPES belonging to mass channels m/z = 128, 100, 87, and 69, corresponding to the dissociative photoionization of adipic acid, was recorded in the 10−13 eV photon energy range with a 30 meV step size. The fractional ion abundances are plotted in the breakdown diagram in Figure 4 . The adipic acid parent ion was not observed at m/z = 146. The first fragmentation channel is the loss of a water molecule, yielding the m/z = 128 peak, which dominates the threshold ionization mass spectrum from 10 to 10.5 eV. In the 10.5−11 eV photon energy range,
dissociative photoionization channels open up to m/z = 100 and 87. The former corresponds to sequential CO loss from m/ z = 128. CHCO loss from the water-loss intermediate is only possible above 13 eV; thus, the m/z = 87 channel must be CH 2 COOH loss from the parent adipic acid ion, i.e., a parallel process to the first, water-loss channel. The highest lying channel in the studied energy range, leading to m/z = 69, opens The Journal of Physical Chemistry A Article up at a photon energy of ca. 11.5 eV. The rising m/z = 69 fractional abundance coincides with a decrease in the m/z = 100 channel. Consequently, it is associated with this channel and is either a loss of 31 amu, e.g., H 2 COH, from m/z = 100, or a loss of 59 amu, CH 2 COOH, from its precursor, the m/z = 128 ion. In addition to the computed energetics (H 2 COH loss only opens up at 12.6 eV), the appearance of the breakdown diagram also speaks for the latter. As mentioned earlier, and discussed in detail elsewhere, 51 the slope of the breakdown curve of a fragment ion corresponds to the internal energy distribution of its parent. Therefore, if the m/z = 69 were a dissociation product of m/z = 100, the slope of the m/z = 69 breakdown curve at 11.4 eV, corresponding to the internal energy distribution of m/z = 100 should only be moderately lower than that of m/z = 100 at 10.2 eV, corresponding to the internal energy distribution of m/z = 128. This is because only a small part of the excess energy is lost as kinetic energy and the internal energy of the leaving CO when making m/z = 100. Instead, the m/z = 100 signal reaches 50% slightly above 10.6 eV, i.e., 0.4 eV of its appearance, as opposed to only 20% for the m/z = 69 breakdown curve at 11.9 eV. This suggests strongly that the breakdown diagram is indicative of slowly changing branching ratios, and the m/z = 69 fragment ion is a dissociation product of m/z = 128 by CH 2 COOH loss, formed in parallel with m/z = 100.
Besides the main fragments described above, there is a small peak at m/z = 110 (−2H 2 O) and several additional, mainly low-mass fragments appear at photon energies above 12 eV, corresponding to a set of the EI-MS peaks. 14 The number of fragment peaks rising simultaneously in this energy range implies several reaction channels that open at very similar energies. As they quickly become intractable, and their individual abundance does not rise above 10% in the energy range up to 12.5 eV, we neglect them in the discussion below.
As was shown by Holmes and St. Jean for shorter chain dicarboxylic acids, 14 selective deuteration can be of aid in identifying the reaction pathways. For adipic acid, in addition to the mass spectrum of HOOC(CH 2 ) 4 4 C O O D a n d HOOCCD 2 (CH 2 ) 2 CD 2 COOH. Because peak intensities changed in unexpected ways, they could only conclude that the carboxyl−carboxyl interaction is negligible, as also evidenced by the missing CO 2 -loss peak, and that β-carbon hydrogens do not participate in water loss.
COOH, they also r e p o r t e d t h o s e o f D O O C ( C H 2 )
We have prepared and studied the threshold ionization of adipic acid-1,6-d 2 , DOOC(CH 2 ) 4 COOD. As expected, the breakdown diagram of the deuterated and light sample are almost indistinguishable when the mass shifts due to deuteration are taken into account. However, we can plot the ratio of differently deuterated mass spectral peaks as a function of the photon energy ( Figure 5 ), which tells us the set of hydrogen atoms involved in a fragmentation and also if their randomization dynamics change as a function of energy. In adipic acid-d 2 , the ratio of the HOD-to D 2 O-loss product at m/ z = 129 and 128, respectively, is approximately constant at 1.94, similarly to what was observed in EI-MS. 14 This means that in the energy range of the water-loss fragment as final product, the water hydrogens are randomly chosen from a set of three atoms, two deuterium and one hydrogen. In light of the previously established role of the γ-methylene groups, this means that one of the four γ-C hydrogen atoms migrates to a carbonyl oxygen in an irreversible step and is randomized with the two deuteriums at the carboxylic groups before the leaving water molecule is formed (Scheme 1). Considering the CH 2 COOH-loss product, we can see that one deuterium is removed 2/3 of the time by CH 2 COOD and no deuterium leaves 1/3 of the time by CH 2 COOH loss. This is in perfect agreement with the DDH randomization mechanism in water loss if the two D and the one, originally γ-C H atoms are mixed statistically, and the identity of the COOH hydrogen atom is determined by chance. The ratio of the 101 vs 100 peaks, expected to be 2 if DDH randomization were complete, as observed in the water-loss channel, is obscured by the slow fragmentation rates and the resulting daughter ion peak shape broadening in the low-energy region, up to 11 eV. However, at 2.7, it is still >2 in the fast dissociation regime at higher photon energies, similarly to the EI-MS. 14 This ratio cannot be explained by complete randomization of a set of hydrogen atoms and indicates a secondary mechanism. A likely explanation is that at large excess energies, H-transfer from the carbon chain to the carboxyl group, perhaps directly to a hydroxyl oxygen, is instantaneous and water loss may follow without randomization; in such cases, a light hydrogen is lost deterministically. As discussed above, the fragment at m/z = 69 is formed dominantly from the sequential loss of CH 2 COOH from m/z = 128. As deuteration does not affect the peak position, both carboxylic hydrogens must leave.
3.3. Potential Energy Surface. The statistical model of the dissociative photoionization processes of adipic acid requires the vibrational frequencies of the reactants and transition states. These can be obtained by identifying the stationary points: transition states and intermediate minima on the adipic acid cation potential energy surface, which lead to the observed fragments. Bond length, bond angle, and dihedral angle scans as well as reaction path calculations were carried out in the light of the experimental results to identify (1) water loss, in which the two carboxylic hydrogens are randomized together with one γ-methylene hydrogen, (2) a sequential CO loss from the water-loss fragment, (3) CH 2 COOH loss parallel to (1) and yielding m/z = 87 in light adipic acid, during which one H or D leaves from the same set of randomized atoms as in water loss in adipic acid-d 2 , as well as (4) sequential CH 2 COOH loss following water loss and (5) the expectedly minor (vide inf ra) sequential water loss following CH 2 COOH loss from the parent ion. 
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The structure of the cation minimum, [1] in Figure 2 , readily implies an H-randomization mechanism. The bridging H can be transferred between the oxygens over a negligible barrier, and even linear conformers are accessible at 1 eV above [1] , i.e., below the ionization onset. In this conformational space, the two carboxyl H atoms and the transferred H lose their original locational identity and are randomized (Scheme 1b). Within this conformational space, in a somewhat higher-lying conformer, [2] , a leaving water molecule is all but formed. From here, H 2 O can leave along a purely attractive potential curve, i.e., without a reverse barrier and form the water-loss product [3] at a CBS-QB3-calculated energy of 10.07 eV, at about the onset of the photoionization signal in the TPES.
Carbon monoxide can leave from [3] by C−C bond rupture. The product at 10.30 eV is the five-membered ring structure [5] , but ring formation involves a transition state with a reverse barrier at 10.68 eV and structure [4] ‡ . The tight ring-formation transition state explains why CO loss is a slow process at threshold.
In competition with water loss, adipic acid cations may also lose CH 2 COOH. C−C bond breaking, concurrent with H atom back-transfer to the methylene chain, could yield the fivemembered ring product [14] , analogous to [5] , over the transition state [13] ‡ at 10.78 eV. The bond breaking coordinate in a different rotamer, with the H on the leaving carboxylic group pointing outward, involves no H atom backtransfer in the transition state [6] ‡ at a lower energy of 10.45 eV and is more likely to compete with water loss. Afterward, the CH 2 COOH-loss daughter ion [8] is formed after passing an intermediate minimum [7] at 9.80 eV. This mechanism leads to one of the equivalent HDD atoms leaving in adipic acid-d 2 , which explains the observed constant 0.5 ratio between m/z = 89 and 88 in Figure 5 . Because water is a good leaving group, H-transfer could be assumed to take place in [8] or, for that matter, in [14] , and [10] could be formed by releasing water over the transition state [9] ‡ at 11.75 eV. However, two arguments speak against this path. First, there is a lower-lying channel, which involves the water-loss daughter ion from the parent losing CH 2 COOH; i.e., H 2 O + CH 2 COOH loss is more favorable energetically than CH 2 COOH + H 2 O loss. Second, at least some H atom randomization could be expected in [9] ‡ by CH 3 internal rotation, leading to an m/z = 70 fragment ion in adipic acid-d 2 , which is absent in the mass spectra. Therefore, the contribution of the CH 2 COOH + H 2 O-loss channel to forming m/z = 69 is expected to be small, in agreement with the breakdown diagram analysis.
The water-loss product [3] can pass over transition state [11] ‡ at an energy of only 10.96 eV and form the intermediate [12] before CH 2 COOH loss yields the m/z = 69 product [10] at 11.57 eV, without an overall reverse barrier to the process. No matter whether a light hydrogen atom or a deuterium is found in the COOH group of [3] , it will leave in this process, meaning that the product must be of m/z = 69 also in adipic acid-d 2 . Holmes and St. Jean 14 were perplexed that this peak shifts to m/z = 71 if the α-hydrogens are exchanged for deuterium, which is in fact easily explained by the mechanism proposed here: the four α-hydrogens are inert in the dissociation, and two of them stay in the daughter ion.
3.4. Unimolecular Dissociation Model. The dissociative photoionization mechanism of adipic acid can now be put to the test by constructing a statistical model and determining experimental thresholds to the processes proposed in the previous sections. RRKM dissociation rate curves were calculated, 49 and 10 additional (nonphysical) low-frequency vibrational modes were added to the H 2 O-loss and CH 2 COOH-loss transition states to increase the flexibility of the statistical model by increasing the number of states so that the observed rate curves could be reproduced. 49, 52, 53 The breakdown diagram for the first step, the dissociation of the parent ion, remains hidden, because it takes place below the Franck−Condon envelope of the cation ground state. As the statistical redistribution of the excess energy affects the breakdown diagram, we have included it in the model with the computed onset energy of E 0 = 10.07 eV. The sequential CO loss, yielding m/z = 100, [5] , is the main channel opening up at 10.4 eV and complete at around 11.0 eV. The daughter The Journal of Physical Chemistry A Article ion peak shape is asymmetrically broadened toward higher times of flight (see mass spectrum at hν = 10.9 eV in Figure 3 ), which indicates a metastable dissociation that takes place while the photoion is accelerated in the mass spectrometer.
The breakdown diagram is determined by three factors: (1) The internal energy distribution of the sample is shifted to the ion manifold upon threshold photoionization and is also available for fragmentation reactions. (2) Some of the excess energy distribution in the first, water-loss step is released as kinetic energy or is converted to the internal energy of the leaving water and is lost to the intermediate water-loss cation, which decreases the slope of the breakdown curves of sequentially formed fragment ions and shifts them to higher photon energy. Finally (3), slow dissociation rate constants close to the threshold mean that not all ions dissociate that have enough energy to do so. Some extra energy, called the kinetic shift, is needed to speed up the dissociation sufficiently, which also shifts the breakdown curves to higher energy. Among these, (1) can be calculated using the Boltzmanndistribution, (2) can be established on the basis of statistical theory, and information on (3) is contained in the m/z = 100 peak shapes, i.e., in the peak center of gravity as a function of photon energy ( Figure 6 ). The last unknown, thus, remains the threshold to sequential CO loss, which was calculated to be 10.68 eV using the CBS-QB3 method and the statistical model yields E 0 = 10.77 eV, in good agreement with the ab initio calculation, and confirming the dissociation mechanism.
There are two main parallel dissociation channels, CH 2 COOH loss from the adipic acid ion yielding [8] and competing with water loss, and CH 2 COOH loss from the water-loss intermediate yielding [10] and competing with CO loss. The branching ratios in the breakdown diagram correspond to the rate constant ratios, which can be used to construct a dissociation rate curve for the higher-lying channel and extrapolate it to the threshold energy. For these channels, the statistical model yields 10.32 and 11.53 eV; cf. the CBS-QB3 computational results of 10.45 and 11.57 eV, respectively. The agreement is also quite good here, especially considering that fitting parallel channels is generally fraught with more uncertainty. 19 The statistical model, thus, validates the fragmentation mechanism proposed and confirms the calculated barriers to the three processes.
CONCLUSIONS
Similar to most dicarboxylic acids, adipic acid does not form the intact cation but dissociates by water loss at the ionization onset. On the basis of the calculated adiabatic ionization energy of 8.6 eV and the measured vertical ionization energy of 10.5 eV, we argue that the reason is the thermodynamically and kinetically allowed water-loss channel opening up in the 1.5 eV energy window above the adiabatic ionization energy, in which vanishingly small Franck−Condon factors prohibit ionization. Parent ions formed in the Franck−Condon envelope can access the global minimum [1] and are energetic enough to dissociate afterward. Three hydrogen atoms, namely, the two carboxylic hydrogens and one of the four γ-methylene hydrogens become equivalent following an irreversible H-transfer step, which explains the effect of deuteration and the observed mass ratios in the H 2 O-and CH 2 COOH-loss peaks, [3] and [8] , respectively. Two leading themes have been proposed in the literature for the fragmentation mechanism of dicarboxylic acid cations: neighboring COOH groups can interact, which leads to CO 2 loss, or the COOH group interacts with the γ-C to transfer a hydrogen, characterized by H 2 O loss in the initial step. Our results suggest that there is an intermediate mechanism, in which, although the two carboxylic groups interact with each other, this is mediated by one of the γmethylene hydrogens, and which determines the fragmentation mechanism of the adipic acid cation. However, the randomization of the γ-methylene hydrogen and the carboxylic deuterium atoms is not complete at higher energies, which suggests that a direct water-loss channel may also open up. The calculated potential energy surface, as constructed on the basis of the overall appearance of the breakdown diagram and deuteration effects, was validated by a statistical model fitted to the experimental data. The agreement with the experimental results and the calculated onsets is generally good, with threshold energies to H 2 O + CO loss, CH 2 COOH loss, and H 2 O + CH 2 COOH loss obtained as 10.77, 10.32, and 11.53 eV experimentally and calculated to be 10.68, 10.45, and 11.57 eV, respectively.
The results not only show that recording the breakdown diagram can help unveil the dissociative photoionization processes, particularly when supported by ab initio calculations, but also illustrate that the data analysis may yield reliable onset energies in statistical dissociations even when the parent ion cannot be observed. This opens up the use of PEPICO to study the energetics of numerous dissociatively photoionizing oxygenated organic compounds.
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